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Previously, it has been demonstrated that PCMNs in the NA of rats do not possess pacemaker-like firing activities and are intrinsically silent (43) . The synaptic innervation of PCMNs is therefore critical for the tonic and reflex evoked changes in cardiac vagal activity that control cardiac functions. The most important pathway innervating PCMNs is from neurons in the nucleus of the solitary tract (NTS) (66) . Stimulation of NTS axons activates NA PCMNs through glutamatergic transmission, which in turn regulates cardiac functions (44) .
Small conductance (SK) Ca 2ϩ -activated K ϩ channels are intracellular Ca 2ϩ -sensitive, voltage-insensitive channels. SK channels can be selectively blocked by the bee toxin apamin (5) and UCL1684 (6, 13) . In many central neurons, the functional roles of SK channels have been extensively characterized (47 59) . SK channels mainly contribute to afterhyperpolarization potential (AHP) following APs and exert a negative or "brake" effect on the firing rate (spike frequency) of neurons (59) . In an early pioneering work, Mendelowitz (43) found that NA cardiac motoneurons were intrinsically silent and did not exhibit significant spike frequency adaptation (SFA; a timedependent decrease in spike frequency in response to a sustained suprathreshold input). In addition, apamin application increased excitability of these cardiac motoneurons. Recently, Chen and Toney (7) characterized the role of SK channels in regulating excitability of presympathetic neurons in the paraventricular nucleus (PVN) that project directly to the rostral ventrolateral medulla (RVLM) of rats. This study by Chen and Toney (7) provides important information on the role of ion channels in regulating excitability of presympathetic PVN neurons (3). However, physiological roles of SK channels in regulating the AP firing properties and excitability of PCMNs in the NA, which project to cardiac ganglia, have not yet been well characterized. In this study, we examined the effects of SK channels on the AP firing properties and excitability of PCMNs. In addition, we studied the apamin-sensitive and UCL1684-sensitive outward currents and AHP currents (I AHP ), which may provide underlying mechanisms for AP firing properties and the negative control of PCMN excitability.
MATERIALS AND METHODS
Female (n ϭ 12) and male FVB (n ϭ 4) (or FVB/N in full name) mice were obtained from Jax Laboratory at age of 2-3 mo. The FVB strain has been frequently used for producing transgenic mice because it is easy to inject pronuclei at the single-cell stage in this strain, and it is a healthy, fertile breeder. Previously, Epstein et al. (15) used FVB mice to produce OVE26 transgenic line, which develops type 1 diabetes because of ␤-cell-specific damage due to a calmodulin transgene regulated by the insulin promoter. FVB (normal control) and OVE26 diabetic mice have been previously used to examine diabetes-induced heart and kidney complications (23, 24, 32, 33, 37, 69, 71) . In each cage, one male mouse was housed with three female mice. Mice were maintained on a 12-h light/dark cycle and received food and water ad libitum. All animals were then maintained in the transgenic animal facility at the University of Central Florida. When females became pregnant, they were transferred into individual cages. Procedures were approved by the University of Central Florida Animal Care and Use Committee and followed the guidelines established by National Institutes of Health. Efforts were made to reduce the number of animals used and their suffering.
Fluorescent retrograde labeling of PCMNs and medullary slice preparation. On postnatal days 7-9 (P7-9; n ϭ 68), FVB neonatal mice were anesthetized with 3% isoflurane (Abbott Laboratories, North Chicago, IL) and cooled to ϳ4°C to decrease heart rate. After a right thoracotomy was performed, the retrograde fluorescent tracer X-rhodamine-5 (and 6)-isothiocyanate (XRITC, 2%, 4 l, Molecular Probes, Eugene, OR) was injected into the pericardial sac at the base of the heart. After a recovery period of at least 48 h, neonatal mice were deeply anesthetized with 4% isoflurane, and their hindbrains were rapidly removed. The brain stem including PCMNs were sliced in serial sections (250 m) using a vibrating blade microslicer (DTK-1000, Kyoto, Japan) and maintained in an interface chamber filled with artificial cerebral spinal fluid (aCSF) containing (in mM) 126 NaCl, 2.5 KCl, 2 CaCl 2, 26 NaHCO3, 1.25 NaH2PO4, 2 MgSO4, and 10 dextrose, equilibrated with 95% O2-5% CO2, and pH adjusted to 7.4. Slices were transferred to a recording chamber maintained at room temperature (22-25°C) . In brain stem slices, PCMNs were identified in the NA by the presence of the retrograde fluorescent tracer XRITC. These slices were viewed ( Fig. 1A) with infrared illumination and differential interference optics (Carl Zeiss, Göttingen, Germany) and under fluorescent illumination ( Fig. 1B) with a near-infrared sensitive, cooled charged-coupled device camera (Axio-Com MRm, Carl Zeiss). XRITC-labeled PCMNs were identified by superimposing the fluorescent and infrared images (Fig. 1C ).
Whole cell current clamp recording. Spike firing properties of PCMNs were examined. Within the recording chamber, slices were held in a stable position using a nylon net stretched over a flattened U-shaped platinum wire and were continuously superfused at room temperature with aCSF. For the Ca 2ϩ -free bath solution, 2 mM CaCl2 was replaced by 3 mM MgCl2. Patch electrodes were fabricated from borosilicate glass (1.5 mm outer diameter; World Precision Instruments, Sarasota, FL) with a Flaming Brown horizontal puller (P-97, Sutter Instruments, Novato, CA). Electrodes were heat polished to a final tip resistance of 3-5 M⍀ and filled with pipette solution containing (in mM) 120 potassium-gluconate, 20 KCl, 2 MgCl2, 10 HEPES, 0.1 EGTA, 2 ATP, and 0.25 GTP, with pH adjusted to 7.3 with KOH. Note that a relatively low concentration of EGTA (0.1 mM) was used to allow intracellular free Ca 2ϩ to accumulate and activate SK channels during membrane potential depolarization (4). This low EGTA loading in intracellular recording solution was previously used to study the role of Ca 2ϩ -activated K ϩ channels in regulating excitability in central neurons (e.g., hippocampus dentate gyrus and PVN neurons) (4, 7).
To generate a single AP, a 10-ms depolarizing current pulse of sufficient intensity (40 -100 pA) to trigger a single AP was applied. We used a 10-ms duration because this stimulus duration has been commonly used to evoke single APs in other central neurons (12, 18, 25) . To standardize AP recordings, neurons were depolarized to a holding potential of Ϫ60 mV by DC application through the recording electrode. AP was recorded within minutes if the following criteria were met: A resting membrane potential of less than Ϫ60 mV and an AP peak amplitude of Ͼ70 mV.
AP half-width was measured as the spike width at the half-maximal voltage using Clampfit 9.2 (Axon instruments, Foster City, CA). Since AHP reached the peak at about 10 ms and returned to the baseline after 100 ms following single APs, AHP amplitudes were only measured at 10 and 50 ms. AHPs following a spike train were elicited by a 1-s, 400 pA current step from a holding potential of Ϫ60 mV. Since AHP reached the peak at about 100 ms and returned to the baseline after 1,000 ms following trains, AHPs were measured at 50, 100, 500, and 1,000 ms after the end of the depolarizing current injection. To investigate the firing frequency of PCMNs, current injection steps were applied from 20 to 200 pA in 20-pA increments. Instantaneous firing rate was measured as the inverse of the interspike intervals. Input resistance was determined by Ohm's law using a linear regression within the linear range (generally Ϯ10 mV from the resting potential) of the voltage-current (I-V) relationship that had been established by plotting the steady-state voltage change in response to a series of depolarizing and hyperpolarizing current injections. To determine the AP threshold, AP trains were evoked by a 1.5-s, 0.2 pA/ms ramp current from a holding potential of Ϫ60 mV in control aCSF, and the threshold was measured at the beginning of the first AP.
Whole cell voltage clamp recording. Electrodes were heat polished to a final tip resistance of 2-3 M⍀ and filled with pipette solution containing (in mM) 110 K-gluconate, 10 KCl, 5 NaCl, 2 MgCl 2, 10 HEPES, 0.5 EGTA, 1 ATP, 0.2 GTP, and 0.1 leupeptin, with pH adjusted to 7.3 with KOH. To record SK currents, cells were superfused with an oxygenated HEPES solution that contained (in mM) 140 NaCl, 3 KCl, 2 CaCl 2, 2 MgCl2, 10 HEPES, 1 tetraethylammonium (TEA), 0.0005 tetrodotoxin (TTX), 0.005 glybenclamide, and 10 glucose, pH adjusted to 7.4 with NaOH. TEA, TTX, and glybenclamide were included routinely in the HEPES solution unless otherwise indicated. A low concentration of TEA (1 mM) was added to suppress the large-conductance Ca 2ϩ -activated K ϩ channels (BK) and voltage-dependent K ϩ currents (26) . For the Ca 2ϩ -free bath solution, 2 mM CaCl2 was replaced by 3 mM MgCl2 to give a HEPES solution containing 5 mM Mg 2ϩ . Experiments were conducted at room temperature (22-25°C).
Outward K ϩ currents were evoked by a series of 250-ms depolarizing steps from Ϫ70 to ϩ40 mV with ϩ10 mV increments. I-V relationships were generated by measuring the peak of the transient outward current. The peak value of the transient outward current was plotted against membrane potential and was fitted by the Boltzmann equation (55) . To study I AHP, afterhyperpolarization currents were first evoked by a 100-ms depolarizing voltage step of ϩ10 mV and immediately followed by a return to Ϫ50 mV for 1.5 s. To avoid possible interference between responses, depolarizing voltage steps were delivered every 5 s. The peak amplitude of IAHP was measured following the end of the Ϫ50-mV voltage step.
Single-channel recording. Cells were superfused with an oxygenated HEPES solution as described above. Single-channel currents were recorded in an outside-out patch configuration. The electrode was heat polished to a final tip resistance of 2-3 M⍀, and the pipette was filled with a standard internal solution containing (in mM) 110 K-gluconate, 10 KCl, 5 NaCl, 2 MgCl2, 10 HEPES, 0.5 EGTA, 1 ATP, 0.2 GTP, and 0.1 leupeptin, with pH adjusted to 7.3 with KOH. After a good seal (Ͼ5 G⍀) was made, the pipette was withdrawn from the soma and the outside-out configuration was made. The extracellular face of the channel was perfused with aCSF containing 2 mM Ca 2ϩ , and the cytoplasmic face was in the pipette internal solution with 0 mM Ca 2ϩ . When multiple channel types were observed in a patch, SK currents were distinguished from others by the following characteristics: 1) outward currents, 2) voltage independence, 3) amplitudes of Ͻ10 pA, and 4) apamin sensitivity. In single channel recordings, currents were low-pass filtered at 1 kHz and acquired at a sampling rate of 10 kHz using the Clampex acquisition program of pCLAMP. Data were collected for 1-3 min. To determine channel opening probability, the number of opening events was obtained using the half-amplitude threshold criterion (11) . The number of opening events-current amplitude histogram was fitted using a Gaussian function. Duration of opening times was measured Fig. 2 . Spike adaptation in PCMNs. A: PCMN with early spike adaptation. Action potential (AP) trains of 4 (left), 7 (middle), and 10 (right) Hz were evoked by 1 s current injection at different intensities. Early spike adaptation was observed in these trains. B: PCMN without obvious spike adaptation. A representative voltage trace showing repetitive spike discharges with relatively steady spike frequency during a current pulse injection. No obvious spike adaptation was observed. C: instantaneous firing rate for 4-, 7-, and 10-Hz AP trains was reduced as the spike number increased (*P Ͻ 0.05). D: group data from PCMNs without obvious spike adaptation. Instantaneous firing rate for 4 and 7 AP trains did not significantly change as the spike number increased (P Ͼ 0.05). In 10-Hz trains, instantaneous firing rate decreased in the second to third spikes (*P Ͻ 0.05) but did did not show any further change following the third spike (P Ͼ 0.05).
at half-amplitude threshold. Open-time curves were fitted by an exponential function.
The series resistance was in the range of 5-10 M⍀ (typically about 5 M⍀) and was compensated by 60% on-line. Membrane potential measurement was not corrected for the liquid junction potential (about 15 mV). The holding potentials were not corrected for liquid junction potentials. Leak currents were subtracted using a standard P/4 protocol (2) . Before seals (5 G⍀) were made on cells, offset potentials were nulled. Capacitance subtraction was used in all recordings.
Drugs and chemicals. All channel blockers used in the present study were purchased from Sigma-Aldrich (St. Louis, MO). The blockers were applied by directly adding them to the superfusate from stock solutions.
Data acquisition and analysis. Data acquisition was controlled using the ClampEx program in the pClamp 9 software package (Axon Instruments, Foster City, CA). Signals were recorded using a Multi-Clamp 700B patch-clamp amplifier (Axon instruments). Responses were low-pass filtered at 3 kHz and digitized at 50 kHz with a 16-bit analog-to-digital data acquisition systems (Digidata 1322A, Axon instruments).
Data were presented as means Ϯ SE. Student's t-test, one-way or two-way analysis of variance (ANOVA) with repeated measures followed by a Tukey-Kramer post hoc test were used. P Ͻ 0.05 was considered as significant.
RESULTS
A total of 298 PCMNs from 68 mice meeting the criteria, as mentioned in MATERIALS AND METHODS, were recorded and analyzed in the different experiments. The primary parameters of passive membrane and AP were averaged in 25 randomly selected cells. The resting membrane potential was Ϫ67.4 Ϯ 2.0 mV, input resistance was 246.0 Ϯ 11.2 M⍀, AP amplitude was 83.6 Ϯ 1.4 mV, membrane time constant was 727.2 Ϯ 3.2 s, and membrane capacitance was 62.7 Ϯ 1.4 pF.
AHP, firing rate, and SFA in trains. Spike trains of 4, 7, and 10 Hz were elicited by adjusting intensities of 1 s depolarizing current from a holding membrane potential of Ϫ60 mV ( Fig. 2A) . Noticeably, the peak amplitudes of AHP were obviously reduced as the spike number increased in all trains of different frequencies ( Figs. 2A and 4G ).
Two types of trains were found according to SFA. SFA is a significant decrease in instantaneous spike frequency as the spike number increases. The majority (90%) of all analyzed 298 PCMNs exhibited significant SFA. Figure 2A shows representative SFA in trains of 4, 7, and 10 Hz. In each train, significant SFA was observed between the first and fourth Fig. 3 . Small conductance Ca 2ϩ -activated K ϩ channels (SK)-mediated AHP following single AP and spike trains in PCMNs. A: applications of apamin (100 nM), UCL1684 (100 nM), and Ca 2ϩ -free solution reduced the AHP amplitude of single APs. B: applications of apamin (100 nM), UCL1684 (100 nM), and Ca 2ϩ -free solution reduced the AHP amplitude after a train of APs evoked by a 1-s depolarizing current injection (400 pA). C: application of apamin and UCL1684 significantly depressed the AHP amplitude of single APs at both 10 and 50 ms (P Ͻ 0.05). D: application of Ca 2ϩ -free solution significantly depressed the AHP amplitude of single APs at both 10 and 50 ms. E: application of apamin and UCL1684 significantly depressed the AHP amplitude following a train of APs at 50 and 100 ms after the end of the depolarizing current injection. F: application of Ca 2ϩ -free solution significantly depressed the AHP amplitude following a train of APs at 50 and 100 ms after the end of the depolarizing current injection. †One-way ANOVA, P Ͻ 0.05. spikes, which is confirmed in Fig. 2C (P Ͻ 0.05; one-way ANOVA). The remaining 10% of PCMNs showed small or insignificant SFA, i.e., Fig. 2B shows an example of a spike train of 7 Hz from such a neuron. Figure 2D shows that there was no significant SFA in 4-and 7-Hz trains, but there was a small adaptation between the first and second spikes in the 10-Hz train (P Ͻ 0.05; one-way ANOVA). In the following study, we only included SFA neurons.
SK channels regulate AHP. To study the effect of SK channels on AHP following single APs and spike trains, apamin (100 nM) and UCL1684 (100 nM) were applied to the bath solution. Single APs were evoked by injecting a 10-ms depolarizing current pulse with an intensity sufficient to generate only one AP (Fig. 3A) . When compared with control, apamin and UCL1684 application similarly decreased AHP ( Fig. 3C ; P Ͻ 0.05). As with apamin and UCL1684 application, bath application of Ca 2ϩ -free solution also reduced AHP ( Fig. 3D ), further indicating that AHP was dependent on Ca 2ϩ -activated K ϩ channels. SK channel blockade reduced AHP by a similar amount at 50 ms as does the prevention of Ca 2ϩ influx by Ca 2ϩ -free solution, although Ca 2ϩ -free solution induced a greater reduction of AHP than SK channel blockade at 10 ms (P Ͻ 0.05).
Spike trains were evoked by a 1 s, 400-pA current injection from a holding potential of Ϫ60 mV (Fig. 3B ). When compared with controls, bath application of apamin and UCL1684 ( Fig. 3E ) and Ca 2ϩ free (Fig. 3F ) significantly reduced AHP at 50 and 100 ms (P Ͻ 0.05, two-way ANOVA). Noticeably, the reduction of AHP at 50 and 100 ms was comparable after bath Fig. 4 . SK channels regulate spike frequency-dependent AHP in AP trains. A: in 4-, 7-, and 10-Hz AP trains, the AHP peak amplitude of the first spike in these trains was comparable (A, left, B) . After apamin application, AHP peak amplitude of the first spike was reduced and comparable in these trains (A, right, B) . C: in 4-, 7-, and 10-Hz AP trains, the AHP peak amplitude of the second spike significantly decreased in the 10-Hz train compared with that in the 4-Hz train (C, left, D). Apamin reduced the AHP amplitude of the second spike in 4-and 7-Hz trains. In the 10-Hz train, the AHP peak amplitude of the second spike was comparable in control and apamin groups. After apamin, the AHP peak amplitude in all these trains was comparable (C, right, D) (P Ͼ 0.05). E: similarly, the AHP amplitude of the fourth spike significantly decreased in the 10-Hz compared with that in the 4-Hz train (C, left, D). Apamin reduced the AHP amplitude of the fourth spike in 4-and 7-Hz trains. In the 10-Hz train, the AHP amplitude of the fourth spike was comparable in control and apamin-treated groups. After apamin, the AHP amplitude in all these trains was comparable. The AHP amplitude of the fourth spike was significantly decreased in the 10-Hz compared with that in the 4-Hz train (E, left, F). G: apamin abolished the frequency dependency of AHP peak amplitude of individual spikes in spike trains. Inset in B, *P Ͻ 0.05 apamin vs. control. †ANOVA, P Ͻ 0.05 apamin vs. control; #P Ͻ 0.05 10 Hz vs. 4 Hz in control. application of apamin and UCL1684 ( Fig. 3E ) and Ca 2ϩ free (Fig. 3F) .
SK channels contribute to spike-frequency dependency of AHP in trains. Spike trains with frequencies of 4, 7, and 10 Hz were elicited using the same protocol as in Fig. 2A . The role of SK channels in regulating the AHP following the first, second, and fourth APs in 4-, 7-, and 10-Hz trains was examined. Figure 4 shows representative AHP of individual spikes following spike trains in control aCSF and during apamin application. As shown in the left panel of Fig. 4A , C, and E, the peak amplitudes of AHP following the second and fourth spikes progressively decreased from 4 to 10 Hz in control aCSF (black lines in Fig. 4 , D and F, P Ͻ 0.05; one-way ANOVA). No statistical difference in peak AHP of the first spike was found in these trains (Fig. 4A, left; black line in Fig. 4B ).
Application of 100 nM apamin significantly reduced the AHP peak amplitudes for the first, second, and fourth spikes in 4-, 7-, and 10-Hz trains and abolished frequency-dependent reduction of the AHP peak amplitudes for the second or fourth spikes in 4-, 7-, and 10-Hz trains (right column of Fig. 4 , C and E, and the red lines in Fig. 4 , D and F, P Ͻ 0.05, two-way ANOVA). In control aCSF and apamin, AHP peak amplitude decreased as the spike number increased within each train (Fig.  4G , black lines; P Ͻ 0.05; one-way ANOVA). In addition, AHP peak amplitudes had a trend to decrease as the spike frequency increased across trains. AHP peak amplitudes significantly differed between 4-and 10-Hz trains ( Fig. 4G ; P Ͻ 0.05; two-way ANOVA).
SK channels regulate repolarization of single APs and spikes within trains. In many central neurons, it was reported that SK channels do not contribute to AP repolarization (e.g., 16 ). To examine whether SK channels contribute to repolarization of single APs and spikes within trains, we tested the effects of SK channel blockade with apamin and/or UCL1684 on the half-width of the single APs and individual spikes within the 10-Hz train. Single APs and 10-Hz trains were elicited as in Fig. 2 and Fig. 3A . When compared with control, application of apamin and UCL1684 significantly increased the single AP half-width (Fig. 5 , A and D, Fig. 3A ; P Ͻ 0.05). In the 10-Hz train, the AP half-width increased as the spike number increased in both control and during apamin application ( Fig. 5B , C, F; P Ͻ 0.05, one-way ANOVA). When compared with the spikes in control, apamin significantly increased the half-width of corresponding spikes in the 10-Hz train ( Fig. 5F , P Ͻ 0.05, two-way ANOVA). Relative to the half-width of the first spike, the half-width of the fifth and tenth spikes increased by 20.8 Ϯ 1.9% and 25.6 Ϯ 2.3%, respectively (Fig. 5G ). In Fig. 5 . SK channels regulate repolarization of single APs and frequency-dependent spike broadening in the AP trains. Single spike and 10-Hz AP trains were generated as shown in Figs. 2 and 3 . A: single APs were recorded in control artifical cerebral spinal fluid (aCSF) or Ca 2ϩ -free solution or during apamin or UCL1684 application. B: representative AP repolarization of the first, fifth, and tenth spikes in a 10-Hz train in control aCSF. C: representative AP repolarization of the first, fifth, and tenth spikes in a 10-Hz train during apamin application. D: apamin and UCL1684 significantly increased the half-width of single spikes. E: Ca 2ϩ -free significantly increased the half-width of single spikes. F: half-width increased as the spike number increased in control and during apamin. Apamin significantly increased the half-width of each AP in the 10-Hz train (P Ͻ 0.05). G: in the 10-Hz train, apamin induced a significantly smaller spike broadening in the fifth and tenth spike relative to the first spike than that in control (P Ͻ 0.05). contrast, during apamin application the half-width of the fifth and tenth spikes increased by 14.8 Ϯ 1.5% and 17.6 Ϯ 2.0% from the first spike, respectively (Fig. 5G ).
Since SK channels are Ca 2ϩ dependent, we reasoned that blockade of Ca 2ϩ may yield a similar effect on AP repolarization. Therefore, we prevented Ca 2ϩ influx using a Ca 2ϩ -free solution. As with apamin application, Ca 2ϩ -free solution indeed increased the half-width of APs (Fig. 5E ). When compared with SK blockade, application of Ca 2ϩ -free solution induced a larger half-width of APs (Ca 2ϩ free: 1.93 Ϯ 0.04 ms, apamin: 1.68 Ϯ 0.11 ms; P Ͻ 0.05).
SK channels regulate excitability of PCMNs but do not affect SFA. To evaluate the effect of SK channel blockade on excitability, spike trains were evoked by 1-s depolarizing currents (40 -180 pA in 20-pA increments) from a holding potential of Ϫ60 mV in control aCSF (Fig. 6A ) and bath application of apamin (Fig. 6B ). Application of apamin significantly increased the mean firing rate ( Fig. 6C ; P Ͻ 0.05). The effect of SK channel blockade on SFA was also examined. As shown in Fig. 6D , although apamin significantly increased the mean instantaneous firing rate of individual spikes compared with that in control aCSF, the pattern of SFA was quite similar in control and apamin.
SK channel blockade increased depolarizing input resistance (R input ) and AP voltage threshold but decreased current intensity required to evoke APs. To determine whether SK channels contribute to AP voltage threshold and depolarizing input resistance (R input ) in PCMNs, ramp currents of 0 -300 pA (0.2 pA/ms for 1,500 ms) were injected to induce gradual membrane potential depolarization and trigger APs at threshold ( Fig. 7) . Spike trains were elicited before and during apamin application. As shown in Fig. 7, A and B , instantaneous firing rate was progressively increased during depolarizing ramp current in control aCSF and apamin application (Fig. 7C) . When compared with control aCSF, apamin application greatly increased instantaneous firing rate (P Ͻ 0.05, two-way ANOVA), which is consistent with Fig. 6 . Blockade of SK channels with apamin noticeably decreased the current intensity which was required to evoke the first AP ( Fig. 7, A, B, D ; P Ͻ 0.05) and increased depolarizing R input (Fig. 7E , P Ͻ 0.01). Although the threshold was higher ( Fig. 7F , P Ͻ 0.05), the rate of subthreshold membrane potential increase was higher after apamin application such that the membrane potential reached the AP threshold earlier compared with that in control aCSF (Fig. 7, A and B) .
Identification of SK-mediated currents. It has been established that transient outward K ϩ currents mainly contribute to AP repolarization (19, 41) and I AHP contribute to AHP (16) . Therefore, we assumed that SK channels significantly contribute to transient outward currents and I AHP . To study SK outward currents, we used TTX (0.5 M) and TEA (1 mM) to block Na ϩ and reduce voltage-dependent K ϩ and BK channels (sensitive to low concentrations of TEA) (20) . In the following experiments, TTX and TEA were routinely added in the bath Fig. 6 . SK channels regulate spike firing frequency of PCMNs. A and B: representative AP trains were evoked by 1-s depolarizing current (100 pA) injection in control aCSF or during apamin. C: after apamin application, spike firing frequency significantly increased compared with that in control aCSF (ANOVA, †P Ͻ 0.05). D: apamin significantly increased instantaneous firing rate compared with that in control aCSF (ANOVA, †P Ͻ 0.05). Similar to control, apamin significantly reduced the interspike interval. The pattern of spike frequency adaptation (SFA) during apamin was similar to that in control.
solution. Under these conditions, outward currents and I AHP were obtained.
First, we studied SK channel-mediated I AHP. I AHP was evoked by a 100-ms depolarizing voltage pulse from a holding potential of Ϫ70 to ϩ10 mV followed by a 1.5-s Ϫ50 mV voltage pulse. As the first step, we tested whether SK channels mediate I AHP by using SK channel blockers apamin and UCL1684. Apamin (100 nM) and UCL1684 (100 nM) applications similarly attenuated I AHP (Fig. 8, A and B) . With the subtraction of the currents before and after apamin-and UCL1684, apamin-and UCL1684-sensitive I AHP were obtained (Fig. 8, A= and B=) . The mean peak amplitudes of I AHP were 93.9 Ϯ 15.4 pA (apamin sensitive) and 82.4 Ϯ 18.1 pA (UCL1684 sensitive) (Fig. 8E) . The decays of apamin-and UCL1684-sensitive I AHP were fitted by a single exponential equation (Fig. 8, A= and B=, white curve) . The time constants were 54.1 Ϯ 8.8 ms (apamin sensitive) and 52.2 Ϯ 10.7 ms (UCL1684 sensitive) (Fig. 8F) , respectively. To further test whether I AHP was Ca 2ϩ dependent, we used a Ca 2ϩ -free solution. As shown in Fig. 8C , Ca 2ϩ -free application markedly reduced the amplitude of I AHP . Ca 2ϩ -sensitive I AHP was determined by subtracting I AHP before and after Ca 2ϩ -free application (Fig. 8C=) . The averaged peak amplitude was 100.0 Ϯ 21.7 pA (Fig. 8E ). The decay of Ca 2ϩ -sensitive I AHP in Fig. 8C= was fitted by a single exponential equation (white curve), and the mean time constant was 83.8 Ϯ 12.3 ms (Fig. 8F ). When compared with apamin-sensitive I AHP, Ca 2ϩ -sensitive I AHP had similar peak amplitudes and time decay constants. To show the stability of the recorded cells during experiments, we ran a time control experiment. In eight cells, I AHP was first recorded and after 15 min, it was recorded again. The amplitude of I AHP was not different between the two recordings ( Fig. 8D ). Time control I AHP (the subtraction of the second from the first recordings) was 0.5 Ϯ 7.4 pA, which was not different from 0 ( Fig. 8, D, D= and E) .
To identify and characterize the SK channels, we used an outside-out patch. As shown in Fig. 9A 1 channel activities were recorded at holding potentials of Ϫ20 mV (top trace) and then ϩ20 mV (middle trace). After apamin application, the channel activity completely disappeared ( Fig. 9A 1 , bottom trace) . Figure 9A 2 shows the histogram of the number of opening events of the channel versus current amplitude at the holding potential of ϩ20 mV from a PCMN. The average peak current amplitude was 6.4 Ϯ 1.0 pA (n ϭ 4). Figure 9A 3 shows the open-time distribution using the events that had an opening time of Ͼ0.5 ms at the holding potential of ϩ20 mV from the Fig. 7 . SK channels altered depolarizing input resistance and AP voltage threshold. A and B: AP trains were evoked by a 1.5-s, 0.2 pA/ms ramp current from a holding potential of Ϫ60 mV in control aCSF and during apamin application. C: instantaneous firing rate increased as the spike number increased in control aCSF and during apamin application. When compared with control aCSF, apamin induced a greater increase of instantaneous firing frequency ( †P Ͻ 0.05). D: apamin significantly decreased the intensity of current injection which was required to evoke the first AP (*P Ͻ 0.05). E: depolarizing input resistance (Rinput) was defined as the ratio of membrane potential change (⌬Vm) relative to membrane potential baseline and current injection increase (⌬I) at the beginning of the first AP. Apamin significantly increased Rinput compared with that in control (n ϭ 10, *P Ͻ 0.05). F: AP threshold was measured at the beginning of the first AP as denoted by an arrow in A and B. Apamin increased the threshold (n ϭ 10, *P Ͻ 0.05). As shown in Fig. 9, B and C, a family of outward currents were evoked by 250-ms voltage steps ranging from Ϫ70 to ϩ40 mV in ϩ10-mV increments from a holding potential of Ϫ70 mV in control HEPES solution. The outward currents were composed of a rapidly ascending and inactivating transient component and a persistent component. To examine whether these outward currents include the SK-mediated currents, we tested the effects of SK channel blockade on the transient outward currents. Apamin-sensitive transient outward currents (Fig. 9B 3 ) were obtained by the difference of the currents before (Fig. 9B 1 ) and after ( Fig. 9B 2 ) apamin application. Likewise, the UCL1684-sensitive transient outward currents ( Fig. 9C 3 ) were obtained by the difference of the outward currents before (Fig. 9C 1 ) and after ( Fig. 9C 2 ) UCL1684 application. Apamin-sensitive and UCL1684-sensitive transient outward currents were comparable (Fig. 9D) .
same PCMN as in
Reversal potential of apamin-sensitive I AHP . To determine whether apamin-sensitive I AHP was mediated by K ϩ current, the reversal potential was estimated and compared with equilibrium potential of K ϩ (E k ). A family of I AHP s were evoked by a 100-ms, ϩ10 mV voltage pulse from a holding potential of Ϫ70 mV followed by 1.5-s voltage steps of Ϫ120 mV to Ϫ10 mV with 10-mV increments. Figure 10A shows the representative apamin-sensitive I AHP . To determine the reversal potential, the peak amplitudes of apamin-sensitive I AHP were first plotted versus the membrane potential (Fig. 10B) , and the reversal potential was defined as the potential when I AHP is equal to 0, which was Ϫ78 mV. After subtracting the liquid junction potential of 15 mV in PCMNs in our study, we estimated that the reversal potential of PCMNs was Ϫ93 mV, which is similar to the equilibrium potential E k in the other central neurons as estimated by the Nernst equation.
DISCUSSION
We have examined the contributions of SK channels to AP properties (repolarization and afterhyperpolarization) in single APs and spike trains of different frequencies, and we characterized apamin-sensitive outward and I AHP . The present study has demonstrated that SK channels control the excitability of PCMNs by regulating their repolarization and AHP.
SFA. Many neurons exhibit a time-dependent decrease in AP discharge rate in response to a sustained suprathreshold input. This phenomenon is termed SFA. SFA can be typically divided into two phases: 1) early, occurring over the first hundreds of milliseconds of firing; and 2) late occurring over tens of seconds or even minutes (4). The shorter initial interspike intervals associated with early adaptation may help to increase the speed of force generation in muscle fibers that can be sustained with lower frequencies (56) . Later phases of adaptation may contribute to central fatigue during sustained muscular contractions (27) . In the present study, we found that PCMNs exhibited an early SFA without a later phase of adaptation. After this initial phase SFA, PCMNs discharged at a steady discharge rate over the time of the current injection. Consistent with Miles et al. (45) , our data showed that SK channels did not contribute to this early SFA of PCMNs. The Fig. 8 . The properties of SK channel-mediated AHP current (IAHP). In A-C, black traces represent IAHP in control and gray traces show IAHP during apamin, UCL1684, and Ca 2ϩ -free application. A: apamin largely depressed IAHP. A=: apamin-sensitive IAHP (subtraction of the black and gray traces in A). B: similar to apamin, UCL1684 largely depressed IAHP. B=: UCL1684-sensitive IAHP (subtraction of the black and gray traces in B). C: similarly, Ca 2ϩ -free solution largely depressed IAHP (gray trace). C=: Ca 2ϩ -sensitive IAHP (subtraction of the black and gray traces in C). D: time control. IAHP (black trace) was first recorded. 15 min later, IAHP (gray trace) was recorded again. The amplitude of IAHP was not changed during this 15-min process. D=: time control IAHP (subtraction of the black and gray traces in D). E: apamin-sensitive, UCL1684-senstive, and Ca 2ϩ -sensitive IAHP were comparable (P Ͼ 0.05). Time control IAHP were not different from zero. F: decay time constant of apaminsensitive, UCL1684-senstive, and Ca 2ϩ -sensitive IAHP was fitted by a single exponential equation (white curve superposed on the traces of A=, B=, and C=). The decay time constants of apamin-sensitive, UCL1684-senstive, and Ca 2ϩ -sensitive IAHP were not significantly different. mechanism underlying the early SFA in PCMNs is not clear, but it is likely, as shown in mammalian spinal motoneurons, that inactivation of the fast, inactivating sodium conductance may be a contributing factor to early SFA. It is possible that the PCMNs in NA, which receive glutaminergic synaptic drive from NTS-barosensitive neurons, generate the firing pattern of very little delay and an early SFA with repetitive longer subsequent intervals to effectively activate cardiac ganglionic neurons, which receive innervation from NA PCMNs (1, 9, 36) and thus regulating cardiac functions such as heart rate, as seen in the relationship between SFA and muscle contraction (56) .
SK channels regulate the fast and medium AHPs. The peak AHP amplitudes in PCMNs were significantly larger following single APs compared with APs following trains. This was consistent with the observations of other neurons (51, 61) . SK channel blocker apamin suppressed amplitudes of AHPs by 30% for single APs and by 58% for trains at 50 ms.
In many neurons, AHP has multiple components, including fast, medium, and slow components (fAHP, mAHP, and sAHP, respectively). The fAHP that follows a single AP lasts a few to 10 ms (51, 61) . The mAHP and sAHP have much longer durations (mAHP: from tens to several hundred ms; sAHP: from several hundred milliseconds to seconds) (16, 52) . The mAHP largely contributes to spike frequency, and the sAHP mainly contributes to SFA (16) . Unlike some other central neurons (31, 48, 49, 57) , there is no clear boundary among fAHP, mAHP, and sAHP traces in PCMNs. In this study, we measured AHP at 10 and 50 ms following single APs and 50 -1,000 ms following trains. Approximately 10 ms is in the fast or early medium duration range of AHP, and 50 ms is in the range of the medium duration of AHP. Since AHP almost returned to the resting membrane potentials at 100 ms following single APs and 500 -1,000 ms following trains, PCMNs might not have a significant sAHP. This may explain why + + + Fig. 9 . SK currents. A1: representative single channel currents recorded from an excised, outside-out patch held at Ϫ20 mV (top) and ϩ20 mV (middle). Bottom shows an example after apamin application at a holding potential of ϩ20 mV. After apamin application, the channel activity completely disappeared. A2: number of events vs. current amplitude relationship (all-point histogram) was fitted using a Gaussian function from the data at the holding potential of ϩ20 mV for 2 s. A3: the open-time histogram was constructed from the data at a holding potential of ϩ20 mV for 2 s, and the superimposed curve was fitted using single-exponential function. B1 and C1: family of outward currents were evoked by voltage steps from Ϫ70 to ϩ40 mV for 250 ms with 10-mV increments every 5 s from the holding membrane potential of Ϫ70 mV as shown in the bottom of the traces. B2: outward currents evoked by voltage steps during application of apamin. B3: apamin-sensitive currents (subtraction of B1 and B2). Inset in B3 indicates that outward currents were irreversible after washout of apamin with control aCSF (67) . C2: outward currents evoked by voltage steps in superfusing solution during UCL1684 application. C3: UCL1684-sensitive current (subtraction of C1 and C2). Inset in C3 indicates that outward currents were completely reversible after washout of UCL1684 with control HEPES solution. D: apamin-sensitive and UCL1684-sensitive currents were comparable, which were significantly activated by the membrane potentials above -40 mV.
PCMNs only have SFA during the first few spikes, and no significant SFA was observed in the remaining part of the spike trains.
In the present study, the blockade of SK channels reduced the AHP amplitude at 10 and 50 ms following single APs. This suggests that SK channels in PCMNs not only contribute to mAHP but also likely the fAHP. Additionally, the blockade of SK channels reduced the AHP amplitude at 50 and 100 ms but did not affect AHP after 500 ms in trains. This strongly suggests that SK channels contribute to some of the fAHP, mostly to the mAHP, but not to the sAHP. We believe that PCMNs do not have a significant sAHP, which is consistent with the finding that PCMNs only have early frequency adaptation. Using voltage clamp, we found that PCMNs have significant outward currents and I AHP , which rapidly reach the peak in several milliseconds and decay exponentially with a time constant of about 50 ms. This latter kinetic property is associated with the timing of mAHP. This finding is consistent with other central neurons where the apamin-sensitive I AHP showed an exponential decay with a time constant of about 50 to 100 ms (57, 67) . In contrast, the current underlying the slow I AHP (sI AHP ) in other neurons shows a distinct rising phase, peaks between 400 and 700 ms after a train of APs, and decays with a time constant of ϳ2,000 ms (28) . Activation of such sI AHP limits spike firing frequency and is responsible for generating the SFA (52, 64) . Because apamin-sensitive I AHP is mainly mI AHP , SK channels play little role in SFA.
Application of apamin and Ca 2ϩ -free bath solution revealed that apamin-sensitive I AHP was similar to Ca 2ϩ -sensitive I AHP in peak amplitude and decay time constant, indicating that apamin-sensitive I AHP may be Ca 2ϩ dependent and mainly contribute to Ca 2ϩ -influx-mediated I AHP . These data are consistent with the recent data obtained from the PVN-RVLM presympathetic neurons where apamin-sensitive and Ca 2ϩsensitive I AHP are similar (7) . With the use of current clamp, Ca 2ϩ -sensitive mAHP is similar to apamin-sensitive mAHP at 50 ms following single APs and at 50 and 100 ms following spike trains, but Ca 2ϩ -sensitive fAHP is significantly larger than apamin-sensitive fAHP (Fig. 3 ) at 10 ms following single APs, indicating that there may be some other Ca 2ϩ -activated K ϩ channels that may contribute to Ca 2ϩ -sensitive fAHP. According to our recent preliminary data (38) , the BK channels may contribute to Ca 2ϩ -sensitive fAHP but not to Ca 2ϩsensitive mAHP. Therefore, we conclude that SK channelmediated currents contribute to both mAHP and fAHP.
SK channels contribute to repolarization. In many neurons of the central nervous system, influx of Ca 2ϩ during APs activates K ϩ channels including BK channels and SK channels. BK channels are selectively blocked by paxilline (54, 62) and the currents mainly contribute to AP repolarization and the Fig. 10 . The reversal potential of apamin-sensitive IAHP. Apamin-sensitive IAHPs were evoked by a 100-ms, ϩ10-mV depolarizing pulse followed by a family of 1.5-s voltage steps ranging from Ϫ110 to Ϫ10 mV. A: representative recordings of apamin-sensitive IAHPs in response to Ϫ110to Ϫ50-mV steps with 10-mV increaments. B: IAHP curve versus voltage steps. The reversal potential of apamin-sensitive IAHP was estimated to be Ϫ78 mV.
fAHP (a few ms; 17) that immediately follows it (28, 29, 50, 60) . In contrast to BK channels, SK channels contribute minimally to the AP repolarization (16, 46) .
In our study, we also examined the effect of blockade of SK channels on repolarization. Apamin and UCL1684 application to PCMNs significantly broadened the width of single APs and individual spikes in trains. During repetitive spike firing activity, the AP repolarization became slower and the spikes became broadened with subsequent spikes. Blockade of SK channels significantly increased the spike half-width of single APs as well as all spikes in the trains.
To further test whether inactivation of SK channels would contribute to spike broadening, we also used Ca 2ϩ -free solution to prevent Ca 2ϩ influx in single AP experiments. Analogous to apamin application, Ca 2ϩ -free solution increased the AP half-width. Noticeably, AP broadening in Ca 2ϩ -free solution is larger than that seen with apamin application (Fig. 5) , indicating that some other Ca 2ϩ -activated K ϩ may also contribute to AP broadening. According to our recent data, BK channels also contribute to AP broadening (38) .
SK channels regulate neuronal excitability. The role of SK channels in the regulation of neuronal and dendritic excitability has been established in many other central neurons (39, 42, 63) . Calcium entry during APs activates SK currents that underlie AHP. SK currents regulate the firing rate and patterns of the APs (39, 42, 63) . Though the SK channel proteins are expressed in NA neurons (53, 58) , the physiological roles of SK channels in PCMNs have not yet been well characterized. Consistent with other central neurons, our study demonstrated that SK channels regulate AP properties and excitability of PCMNs. Blockade of SK channels with apamin and UCL1684 significantly increased spike firing rate, indicating that SK channels exert a powerful negative control over the firing rate of PCMNs. Two possible mechanisms may contribute to apamin-induced increase of firing rate. After apamin application, the depolarizing input resistance was increased such that the AP subthreshold depolarizing rate of membrane potentials was increased. In addition, the blocking mAHP of PCMNs may significantly increase the firing rate.
SK-channel function and neuropathology. The normal functions of SK channels have been studied in many CNS neurons. The role of SK channels in the modulation of intrinsic firing patterns and excitability has implications on their possible involvement in neuronal dysfunction, either as part of the causal mechanism or as potential therapeutic targets (see Ref.
47 for a review). In various in vitro models, a downregulation of the SK-mediated I AHP paralleled the emergence of epileptiform activity, and SK channel inhibitors were shown to shape the duration and increase epileptiform bursting activity in the CA3 region. Conversely, SK channel enhancers (i.e., 1-EBIO) led to a cessation of spontaneous oscillatory activity in hyperexcitable neuronal networks and epileptiform activity in hippocampal slices. Similarly, in episodic ataxia, upregulating SK channel activity with enhancers that increase their Ca 2ϩ sensitivity and spike timing precision may compensate for the disruption in the pacemaking precision of Purkinje cells. Chronic in vivo activation of cerebellar SK channels improves motor performance in ataxic phenotype of mice (65) . In these models, upregulation of SK channels is needed to reduce hyperactivity in epilepsy and improve cerebellar-dependent motor coordination in ataxia. Similarly, it was reviewed that due to interrelations of altered Ca 2ϩ -activated K ϩ channels and cardiovascular disease states (such as hypertension, diabetes, dyslipidemia, and atherosclerosis), Ca 2ϩ -activated K ϩ channel openers may have the therapeutic potential as novel types of blood pressure-lowering drugs (21) . Recently, we have studied the effect of maternal diabetes on the PCMNs in neonatal mice. We found that in contrast to other models mentioned above, SK outward currents and tail currents of PNCMs are increased in neonates from diabetic mothers and are associated with reduced excitability of PNCMs (34) . Previously, we have found that chronic intermittent hypoxia and diabetes may impair baroreflex function, induce NA motoneuron death, and alter NA control over the heart rate (22, 23, 32, 36, 37, 68 -70) . Therefore, it will be critically important to study the alteration of the firing patterns and excitability of NA PCMNs and SK channels in these pathological diseases.
To summarize, in this study, we demonstrated that SK channels in PCMNs play a significant role in regulation of spike firing frequency but do not affect the firing adaptation. SK channels mediate the I AHP that contributes to not only the mAHP but also likely to the fAHP. We also found that SK channels in PCMNs contribute to repolarization. Although our study provides important information on the role of SK channels in regulating AP properties and excitability of PCMNs in the NA, further studies are needed to examine whether SK channels are the major type of Ca 2ϩ -activated K ϩ channels in regulating the excitability of NA PCMNs and how various disease states will change the regulation of SK channels on the firing pattern and excitability of PCMNs.
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